Six Pakistani crude oils are characterized and their rheological behavior is studied in a standard rotational rheometer. TBP distillation data and density of whole crude oil are used to perform the basic characterization and to obtain the product distribution of the crudes. All the crude oils studied exhibit non-Newtonian behavior under the conditions of experimentation. Various non-Newtonian models such as the power law model, Bingham plastic model, and Herschel-Bulkley model are used to fit the experimental rheological data. The power law model exhibiting pseudoplastic behavior is found extremely satisfactory for the majority of the crude oils.
INTRODUCTION
Evaluating crude oils for determining the quality and possible amounts of its distillate and residue fractions is of great importance and is crucial for designing corresponding refinery and for exporting or importing crude oil. Knowing the true boiling point (TBP) distillation (boiling range) data, and density of a crude oil, various physical properties of the crude oil can be determined and the potential yields of the straight-run products can be worked out (Fahim et al., 2010) .
The rheological properties of a crude oil are important in many aspects. These are important in all processes in which the crude oil is transported from one point to another (Ghannam et al., 2012) . The information regarding the fluid type (Newtonian or non-Newtonian) and the flow characteristics are useful in pipeline sizing, pump selection, and handling and meeting storage requirements of the crude oil (Zhang & Liu, 2008; Hemeida, 1990) . Rheological measurements may be used to categorize and compare various crude oils (Dealy, 1979) .
In the present study, six crude oils of Pakistani origins are evaluated using the given information of their density (of the whole crude) and true boiling point distillation data. The various properties of the crude oils are determined and their potential for providing various straight-run products is evaluated. Moreover, the rheological properties of these crudes are measured experimentally, and rheograms of the samples are fitted with various suitable non-Newtonian flow models.
MATERIALS AND METHODS
Six crude oil samples of Pakistani origins were obtained from OGDCL (Oil and Gas Development Company Limited). The true boiling point distillation data along with the density for each of the crude oils was also provided by OGDCL. The experimental TBP and density data of crudes, as received, is listed in Table 1 . The experimental data was used to develop the basic characterization of crudes by calculating their specific gravity (API), average boiling points, characterization factor, correlation index, hydrogen to carbon atomic ratio, and kinematic viscosities at 37.8 °C and 98.9 °C. The details of the calculations are given in the next section. The rheological properties of the crude oils were measured using a Rheotec RC20 rotational rheometer. The rheometer had the provision of using either the cone-and-plate or plate-and-plate configuration. The rheometer was equipped with an optical encoder and not with a mechanical transducer, so the torque was measured without any deflection. The crude oil sample was placed in the gap between the stationary plate and the moving cone/plate after adjusting the temperature (using a circulating silicon oil bath) and the distance between the stationary plate and the moving cone/plate. The possible types of measurements were: a) rotational measurement with controlled shear rate (CSR) and b) rotational measurement with controlled shear stress (CSS). In the present study, all the experimental data was measured under the controlled shear stress method and the following steps were followed in carrying out the rheological measurements: calibration (the rheometer was calibrated to check for accuracy), program settings, sample loading, running the rheometer, and saving the results.
RESULTS AND DISCUSSIONS

Characterization and cut distribution
The experimental data of Table 1 was used in the oil manager (an environment in Aspen HYSYS for carrying out the characterization and determining the physical properties of crude oils and their products) of Aspen HYSYS. As shown in Table 1 , the experimental TBP data of crudes is not covering the full boiling range and is short on both ends, i.e., it starts at values higher than 0 vol% and ends at less than 100 vol%. The TBP curve of a crude oil was, therefore, first extrapolated on both ends using the probability method given in Aspen Aspen HYSYS of all crudes are shown in Figure 1 and the cut plot distributions, obtained from Aspen HYSYS, for the defined temperature ranges are shown in Table 2 and Figure 2 . In each case, to find the average boiling points and, hence, the other characterizing properties, the TBP curve was divided into 50 pseudocomponents. Using the information such as mole fraction, normal boiling point (NBP), and molecular weight (MW) of each pseudocomponent given by Aspen HYSYS, the molal average boiling point (MABP), cubic average boiling point (CABP), and mean average boiling point (MeABP) were calculated by applying equations 1, 2, and 3, respectively (Chang et al. 2012). For the molecular weight of each pseudocomponent, the Twu correlation was selected in Aspen HYSYS.
Where both MABP and NBP are in K.
Where both CABP and NBP are in K.
Where MeABP, MABP, and CABP are in K.
The characterization factor, correlation index (CI), hydrogen to carbon atomic ratio, and kinematic viscosities, at 37.8 °C and 98.9 °C, are calculated using Eq. 4, Eq. 5 (Speight, 2014), Eq. 6, and Eq. 7 (Riazi, 2005), and Eq. 8 and Eq. 9 (Riazi, 2005), respectively.
Where MeABP is in K and SG is the specific gravity at 15.6°C/15.6°C. 
Where MeABP is in K and SG is at 15.6°C/15.6°C. 
The physical properties of the crude oils calculated above are shown in Table 3 .
From the cut plot distribution shown in Figure 2 , it is observed that both Dakhni and Toot crude oils contain the highest amounts of light products (light straight-run gasoline and naphtha) and the lowest amounts of residue. On the other hand, Dhupri and Khaur crude oils contain the highest amounts of residue and the lowest amounts of the light products as expected, since both Dhupri and Khaur crude oils are medium crude oils as shown in Table  3 .
Rheological behavior
The results of the rheological measurements are shown in Figures 3 and 4 . Figure 3 shows the shear stress and shear rate relationships (rheograms) of the crude oils. It is clear from the rheograms that, under the conditions of experimentation, none of the crude oils is Newtonian in nature. Instead, all of the crude oils follow a non-Newtonian behavior. It is also observed from Figure 3 that four of the crude oils studied, namely, Chanda, Dakhni, Dhurnal, and Toot have shown similar trends, i.e., in each case the curve starts right from the origin (no yield stress, which is a characteristic behavior of the Bingham plastic fluids) and the slope of the curve decreases continuously, which is a characteristic behavior of shear thinning or pseudoplastic fluids. The other two crude oils, namely, Dhupri and Khaur have shown different shear stress-shear rate behavior. For each of these crudes, the shear rate develops only after a certain value of the shear stress, known as yield stress, and after the point of yield stress the two crudes have shown different rheological behavior. For the Khaur crude oil, the curve shows a linear increase of shear stress with shear rate after reaching the point of yield stress. This type of behavior is described as Bingham plastic. The Dhupri crude oil, on the other hand, shows a behavior that is intermediary between those of the pseudoplastic and Bingham plastic fluids. After exhibiting a certain yield stress, the curve is not linear but the behavior is similar to a pseudoplastic fluid. Figure 4 shows the change in apparent viscosity of the crude oils as a function of shear rate. The apparent viscosities of the crude oils were automatically measured by the rheometer. Initially, the apparent viscosity sharply decreases with an increase in shear rate and the viscosity rate decreases continuously afterwards. The case of the Khaur crude oil is observed to be a little different, for the viscosity virtually remains constant after an initial steep decrease. Hemeida (1990) has also found that the apparent viscosity decreases with shear rate for some crude oils studied in his/her work.
The experimental rheological data of shear stress-shear rate was fitted with a suitable nonNewtonian model. Various non-Newtonian models were used for this purpose. The power law or Oswald de Waele model, Herschel-Bulkley model, and Bingham plastic model were fitted to find the best-fit model and the corresponding model parameters. Table 4 gives the equations for each of these models.
In fitting a model to the experimental data, model shear stress values were obtained and compared with the experimental shear stress values. In each case, the following objective function was therefore minimized: , and F-values were used to discriminate among the competitive models. The SigmaPlot software was used to do the regression of the data, automatically calculating SSE, R 2 , and F-value.
Since the power law or Oswald de Waele model can represent pseudoplastic fluids, the experimental data of shear stress and shear rate of the Chanda, Dakhni, Dhurnal, and Toot crudes were fitted using the power law model given in Table 4 . The power law model was also tried with the Dhupri and Khaur crude oils. As expected, the data of these two crudes did not fit satisfactorily by the power law model and values of R 2 were found as 0.9790 and 0.9476, respectively. The low values of R 2 together with the shape of the curves in Figure 3 suggested that the Bingham plastic and HerschelBulkley models could be used with the experimental data of Dhupri and Khaur crudes. Visual observation of the curves in Figure 3 indicated that the Dhupri crude followed the Herschel-Bulkley model, whilst the Khaur crude followed the Bingham plastic model. When the Herschel-Bulkley model was used with the Dhupri crude, the R 2 value reached to 0.9908 whereas by using the Bingham plastic model, the R 2 value was only 0.9300. Both Bingham plastic and Herschel- These results confirmed that, under experimental conditions, the Dhupri crude oil followed the Herschel-Bulkley model, and the Khaur crude oil followed the Bingham plastic model. The results of regression, i.e., model parameters along with the corresponding statistics for each crude oil are shown in Table 5 and the rheograms based on the model values are shown in Figure 3 . It is important to note that both Dhupri and Khaur crude oils are medium crude oils as shown in Table 3 while all other crude oils that have shown power law behavior are light crude oils.
For the fluids obeying the power law model, all power law indexes were found to be less than 1.0, which validates pseudoplastic (shear thinning) behavior of the crudes and suggests that the apparent viscosity of these crudes decreases with a shear rate increase (Doran 2003). A relatively higher value, though not to a great extent, for Chanda crude oil suggests it to be less shear thinning among the other three crudes, which virtually have the same power law index value. Since a higher value of consistency index (apparent viscosity for unit shear rate) means higher viscosity and vice versa, the Chanda crude oil was found to be less viscous than the other three crude oils.
CONCLUSIONS
Six Pakistani crude oils were characterized and various physical properties and product distributions of the crude oils were worked out based on the TBP distillation data and density of the whole crude oil. The rheological properties of the crude oils were experimentally measured and all crude oils were found to be non-Newtonian in nature. Four of the six crude oils proved to be pseudoplastic (obeying the power law model). The Chanda crude oil was the least shear thinning, with the lowest apparent viscosity among the four pseudoplastic crudes. Both Dhupri and Khaur crude oils exhibited yield stress, although the Dhupri crude oil followed the Herschel-Bulkely model and the Khaur crude oil followed the Bingham plastic model. 
